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Method and Apparatus for Policy-Based Dynamic Preemptive 

SCHEDULING OF DATA TRANSMISSIONS 

5 Field of the Invention 

The present invention relates generally to packet switched communication 
systems and in particular, to a method and apparatus for policy-based dynamic 
preemptive scheduling of data transmissions within such communication systems. 

10 

Background of the Invention 

FIG. 1 is a block diagram of a prior-art system 100 for allocating bandwidth 

15 for, scheduling, and transmission of data packets within a packet switched 
communication system. Data packets associated with various flows arrive randomly 
and are kept in queues until they are transmitted or discarded. System 100 determines 
(along with other components), the Quality of Service (QoS) received by each flow, 
wherein QoS is based on a plurality of performance parameters including bandwidth, 

20 delay, and jitter. The QoS received by a flow is subject to constraints specified in a 
predetermined service level agreement, wherein the service level agreement is a 
contract that governs the behavior of a provider and a user of a service, namely data 
transmission. System 100 comprises bandwidth manager 101, packet scheduler 103, 
and packet handler 105. 

25 Bandwidth manager 101 reserves an appropriate amount of bandwidth for 

each data flow when it is admitted based on its service level agreement. Bandwidth 
manager 101 additionally ensures that no new flow is admitted if its admission could 
result in violation of the service level agreements of existing data flows. Packet 
scheduler 103 allocates bandwidth for transmission of packets awaiting service in 

30 accordance with the bandwidth reservation determined by bandwidth manager 101. 
These packets are distributed among a plurality of data queues (not shown), each of 
which is associated with a particular service level. All packets in each queue are to be 
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granted service that is commensurate with the corresponding service level agreement. 
Packet scheduler 103 uses a scheduling algorithm to establish an ordered list of 
packets that are pending service. In accordance with the ordered list of packets, 
packet handler 105 prepares the head of line packet for transmission whenever the 
5 next transmission opportunity becomes available. 

Given a set of packets in a plurality of queues, a scheduler establishes an order 
for the packets to be transmitted. Such an order is typically based on static 
prioritization of the queues or dynamic assignment of priorities to packets at the 
heads of the queues. Whenever there is an opportunity to transmit a packet, the packet 

1 0 with the highest priority is granted that opportunity. Dynamic prioritization of packets 
is commonly derived from a set of queue weights, which reflect a desired bias in 
assigning priorities to packets at the heads of respective queues. These queue weights 
can be chosen to implement a predetermined fair bandwidth allocation policy that 
meets the QoS objective of active flows. 

15 There exist many prior-art scheduling algorithms that are QoS based. Such 

schedulers are capable of providing service to a particular user with a guaranteed rate 
and bounded delay. Although such QoS-based schedulers are adequate for static 
channel conditions, most of them do not consider varying conditions of the network 
and its effect on QoS received by existing flows. Static resource allocation 

20 mechanisms can be rendered ineffective and unfair in environments where bandwidth 
demand fluctuates and resource availability may vary. 

There exist scheduling algorithms that can adapt to variation in network 
conditions, such as offered loads and available bandwidth. Some of these prior 
systems dynamically distribute available bandwidth among packets in different 

25 queues by updating queue weights based on queue lengths. Such systems are 
inherently unfair for they favor users transmitting packets with excessive rates. Such 
systems are also ineffective in guaranteeing QoS since the QoS of every flow is 
subject to compromise in an event of decreased available bandwidth. Other prior 
systems that adapt to variation in network conditions exist for multi-channel 

30 communication networks. Such systems dynamically distribute transmission 
resources among different channels such that overall system throughput is 
maximized. Brute-force maximization of system throughput by favoring transmission 
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in good channels is inherently unfair. Moreover, these systems are also ineffective in 
guaranteeing QoS since all users transmitting packets over poor channels are 
penalized. 

An additional scheduling algorithm is described in U.S. Patent No. 
5 2002/0 147022A1, METHOD FOR PACKET SCHEDULING AND RADIO RESOURCE 
ALLOCATION IN A WIRELESS COMMUNICATION SYSTEM. This system provides a 
method of scheduling packet transmission that takes into consideration radio resource 
allocation at a wireless access node serving a plurality of cells, wherein each cell 
includes a base station and a plurality of mobile stations. The method uses an 

10 estimated transmit power level and an average effective data rate of all base stations 
in the system to determine a tentative transmission schedule for each of the mobile 
stations, wherein the tentative transmission schedule is modified for transmission in 
each cell based on current radio conditions in the cell. The tentative transmission 
schedule is chosen to maximize the value of a predetermined utility function, which 

1 5 can be configured to implement a desirable trade-off between system throughput 
maximization and fairness. A goal of the modified transmission schedules in this 
prior-art system is to offer an advantage to mobile stations in cells with good channel 
conditions to maximize efficiency, while ensuring fair resource allocation among all 
mobile stations. In the prior-art system, mobile stations in different cells are 

20 dynamically assigned priorities in reverse order of their current effective data rates 
relative to their respective average effective data rates. Although this prior-art system 
is adaptive to variation in network conditions, it is ineffective in guaranteeing QoS 
when available network resources fall short of that needed to sustain current offered 
load. 

25 In many emerging networks, such as those supporting mission critical 

applications, it is necessary to protect the QoS of mission critical flows against 
variation of network conditions. Since prior-art QoS-based scheduling algorithms are 
deficient when scheduling packets on such communication systems, a need exists for 
a method and apparatus for dynamic preemptive scheduling data within such 

30 communication systems, wherein the QoS of high priority flows is protected against 
variation in network conditions at the expense of the QoS of low priority flows. 
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Brief Description of the Drawings 

FIG. 1 is a block diagram of a prior-art data scheduler. 
5 FIG. 2 is a communication system that requires packet scheduling in 

accordance with the preferred embodiment of the present invention. 

FIG. 3 is a block diagram of a scheduler in accordance with the preferred 
embodiment of the present invention. 

FIG. 4 and FIG. 5 illustrate hierarchical policy-based decision trees. 
10 FIG. 6 is a flow chart showing operation of the scheduler of FIG. 3 in 

accordance with the preferred embodiment of the present invention. 

FIG. 7 is a more-generalized flow chart showing operation of the scheduler of 
FIG. 3 in accordance with the preferred embodiment of the present invention. 

15 

Detailed Description of the Drawings 

To address the need for protecting the QoS of high priority flows in a 
communication network when network conditions vary, original queue weights (B) 

20 are modified by a bandwidth allocation adaptor. The modification of the original 
queue weights is based, in part, on channel conditions. 

The present invention encompasses an apparatus comprising a preemption 
manager having as an input, a Quality of Service (QoS) and channel conditions and 
outputting preemption values. The apparatus additionally comprises a bandwidth 

25 allocation adaptor having as an input a first set of queue weights, channel quality 
information, and the preemption values, and outputting modified queue weights based 
on the first set of queue weights, the channel quality information, and the preemption 
values. 

The present invention additionally encompasses an apparatus comprising a 
30 bandwidth allocation adaptor having a channel quality vector (<r) as an input and 
outputting a set of queue weights (B') based on the channel quality information. 
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The present invention additionally encompasses a method comprising the 
steps of receiving channel conditions (a) and calculating queue weights (B') based on 
the channel conditions. 

The present invention additionally encompasses a method comprising the 
5 steps of receiving channel conditions (a), preemption values (P), and original queue 
weights (B). Modified queue weights (B') are calculated based on c, P, and B. 

Turning now to the drawings, wherein like numerals designate like 
components, FIG. 2 is a block diagram of communication system 200 in accordance 
with the preferred embodiment of the present invention. Communication system 200 

10 is a shared medium network that supports a population of geographically distributed 
stations 201-204. As shown, each station 201-204 is coupled to source station 206. 
Communication between source station 206 and stations 201-204 occur over local 
area network 205 via virtual channels. The quality of a channel depends not only on 
the physical conditions of the channel but also on the location of source 206 and 

15 destination stations 201-204. Each channel is associated with a source station 206 and 
destination station 201-204. For simplicity and without loss of generality, FIG. 2 
shows single source station 206, however one of ordinary skill in the art will 
recognize that multiple source stations may exist with in communication system 200. 
Each channel between a source station and a destination station is referred to as an 

20 inter-nodal channel. Due to location dependency and time varying channel 
impairments, the packet loss probability and hence the effective link rate in the 
network may vary from channel to channel. 

The throughput of a shared medium depends on its offered load. Typically, the 
throughput increases with offered load when the offered load is light. As the offered 

25 load becomes high, the throughput gradually tapers off with further increase in 
offered load. A medium access control (MAC) algorithm is used to coordinate access 
to a shared medium network. In contention-based systems in particular, the 
diminishing rate of increase in throughput with increasing offered load is largely due 
to increasing collisions. When there is a collision, packets involved in the collision 

30 are considered lost. A collision resolution algorithm is needed to resolve collisions. In 
contention-free systems, a scheduling algorithm schedules transmissions from the 
various stations such that collisions are avoided. 
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In the following discussion, it is assumed that a bandwidth manager is 
available to control admission such that rate of packet loss due to collisions is 
bounded from above by a predetermined value when the channel conditions are good. 
Let C denote a nominal link rate of the system, i.e., the maximum throughput 
5 achieved by the system when there is no prevailing impairment in the channel used by 
the station. The bandwidth manager ensures that no new flow is admitted to the 
system unless the sum of the allocated bandwidth of each admitted flow originated by 
each station, and the bandwidth that is to be allocated to the incoming flow, does not 
exceed C. 

10 As is evident, the communication system of FIG. 2 is a multi-channel 

communication system, wherein each channel is associated with a pair of source 
station and destination station. Let L denote the number of such channels. In practice, 
the link rate in each of these channel is subject to change due to time-varying channel 
conditions. Let a(j) denote a link quality factor in channel j for j = 1, 2, . . ., L. cr(j) 

15 reflects the quality of the channel by accounting for loss in throughput due to error 
losses in the channel. 

As discussed above, prior-art QoS-based scheduling algorithms fail to 
adequately protect the QoS of high priority flows against variation in channel 
conditions. In order to address this need, in the preferred embodiment of the present 

20 invention a scheduling algorithm is proposed that specifically addresses changing 
channel conditions. More particularly, a Channel-Dependent Hierarchical Adaptive 
Rate-based Multi-priority (CHARM) scheduler is provided that makes policy-based 
decisions so that the QoS and performance of the scheduler is enhanced especially 
under changing channel conditions. 

25 FIG. 3 is a block diagram of scheduler 300 in accordance with the preferred 

embodiment of the present invention. In the preferred embodiment of the present 
invention scheduler 300 resides in source station 206 of communication system 200. 
As shown, scheduler 300 comprises bandwidth manager 301, preemption manager 
303, bandwidth allocation adaptor 305, packet scheduler 307, packet handler 309, and 

30 buffer 311. 

During operation packets enter buffer 311 where they are appropriately 
buffered. In particular, buffer 311 comprises a plurality of data queues 313, each 
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comprising a data flow from a single user, or alternatively, each comprising data in 
flows from several users having the same QoS requirements. To each queue 313, 
bandwidth manager 301 assigns a weight that allows packet scheduler 307 to 
appropriately order the transmission of data from queues 313 such that each queue 
5 receives a portion of available bandwidth in accordance with its weight. 

Bandwidth manager 301 determines, based on a predetermined bandwidth 
management algorithm, original queue weights (B) based on QoS requirements, and 
provides the weights to bandwidth allocation adaptor 305. Specifically, the queue 
weights (B) are selected for the queues such that their corresponding QoS 

10 requirements can be met under normal operational conditions. Bandwidth allocation 
adaptor 305 modifies the weights of queues 313 in accordance with predetermined 
policy requirements. In particular, bandwidth allocation adaptor has channel 
conditions (a), preemption values (P), and original queue weights (B) as inputs, and 
calculates modified queue weights (B') based on o% P, and B. The modified weight 

15 for each queue is then provided to packet scheduler 307 by bandwidth allocation 
adapter 305, with each weight being a function of channel condition as well as other 
variables. 

Preemption manager 303 translates the policy requirements associated with 
the queues into a plurality of preemption classes. These preemption classes are 

20 provided to bandwidth allocation adaptor 305 for adaptive bandwidth allocation in the 
events of varying channel conditions. Specifically, when a channel is degraded such 
that the available bandwidth is insufficient to meet the service level agreements of all 
existing flows, some flows will be preempted so that the QoS of other flows may be 
preserved. The ordered list of preemption classes is used to determine the order in 

25 which flows belonging to the various classes are favored in QoS preservation as well 
as how flows are preempted in the event that preemption is needed. 

A preemption of a flow may be one of a hard preemption and a soft 
preemption. A hard preemption of a flow is a preemption by which the flow is 
completely deprived of further transmission opportunities for its packets. A soft 

30 preemption of a flow is a preemption by which the flow is deprived of a finite number 
of transmission opportunities for its packets. In accordance with the present 
invention, preemption is generally a soft preemption. It is straightforward for one 


skilled in the art to extend the system to accommodate hard preemption. Specifically, 
this would require additional functions to remove a flow that is hard preempted and 
drop all queued packets that belong to the hard preempted flow. 

Based on the preemption information, the channel conditions, and the queue 
5 weights provided from bandwidth manager 301, bandwidth allocation adaptor 305 
modifies the queue weights and transmits the modified queue weights to packet 
scheduler 307. Packet scheduler 307 uses a scheduling algorithm to establish an 
ordered list of packets that are pending service. In accordance with the ordered list of 
packets, packet handler 309 prepares the head of line packet for transmission 

10 whenever the next transmission opportunity becomes available. 

FIG. 4 illustrates a generic policy-based hierarchical decision tree 400 that is 
used by preemption manager 303 to determine the preemption class for each flow 
(queue 313) and establish an ordered list of these classes. Each level 401-407 along 
tree 400 represents a decision regarding a classification criterion for flows. Each leaf 

15 node on decision tree 400 represents a preemption class and the ordering of these 
classes in an in-order traversal of tree 400 sorts these classes in an ordered list. In an 
in-order traversal of a tree, all nodes of the tree are processed by recursively 
processing the left sub-tree, then the root, and finally the right sub-tree. In other 
words, a node on the tree is visited after all of its left descendants have been visited, 

20 but before any of its right descendants is visited. 

Consider a simple example where decision tree 400 consists of only one level. 
Suppose that the classification criterion is based on traffic priority (e.g., in accordance 
with IEEE 802. lp traffic prioritization) and an in-order traversal of tree 400 orders 
these classes in the order of their priority (from highest priority to the lowest). Then, 

25 when there is insufficient bandwidth to preserve the QoS of all existing flows, 
bandwidth allocation adaptor 305 will attempt to satisfy the service level agreements 
of flows of high priorities at the expense of soft preempting flows of low priorities. 
An alternative classification criterion, where different flows may require different 
bandwidth, is to allocate bandwidth based on the amount of bandwidth required by 

30 each flow. Specifically, the classification criterion may be used to implement a 
channel packing policy for it is known that an efficient way of packing a given 
channel is to allocate bandwidth to flows in descending order of bandwidth 


requirements. Alternatively, by classifying flows in ascending order of bandwidth 
requirements, it may be used to implement a policy that maximizes the number of 
flows whose service level agreements are protected. Where there are multiple 
channels (e.g., due to multiple geographically distributed receivers), the classification 
5 criterion may be based on the condition of each channel, for it is known that the 
overall throughput can be maximized by favoring transmissions over channels with 
high available throughput. 

In an alternate embodiment of the present invention, multiple levels of 
classification criteria are established on decision tree 400. For example, any 

10 combination of the above three classification criteria can be accommodated by the 
method described above. FIG. 5 shows decision tree 500 that uses three level 
hierarchy with the IEEE 802. lp prioritization used at the highest level for 
classification, then, the channel condition for the various flows at the next level and 
the bandwidth requirement of the various flows at the lowest level. 

15 As discussed above, preemption manager 303 adaptively updates bandwidth 

allocations based on channel conditions. In the preferred embodiment of the present 
invention, this is specifically accomplished utilizing a policy-based hierarchical 
decision tree to establish an ordered list of preemption classes, wherein each 
preemption class is associated with a queue. Each preemption class associated with a 

20 queue is assigned a preemption priority, which is different from the scheduling 
priority or queue weight associated with the queue. The scheduling priority is a value 
assigned to the queue to influence scheduling decisions such that the queue will not 
be serve unless all queues of higher priorities are empty. The queue weight is a value 
determined by a bandwidth manager based on QoS requirements such that 

25 transmission opportunities are provided to the queue in a proportion reflected by the 
queue weight. The preemption priority is a value derived based on prevailing 
conditions in accordance with the policy-based hierarchical decision tree. 

Consider an application of the present invention as shown in FIG. 3 to a multi- 
channel communication system as shown in FIG. 2. Without loss of generality, let 

30 each flow or aggregate flow of packets associated with a queue be referred to simply 
as a flow. Let N denote the total number of flows originated in a predetermined 
source station in the communication system. The policy-based hierarchical decision 
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tree assigns a preemption priority value pu with each flow k, wherein pk e {0, 1, 2, . . 
., P} and k = 1, 2, . . . , N. Preemption priority value 0 indicates the lowest preemption 
priority, and preemption priority value P>0 indicates the highest preemption priority. 
Also, each flow k has an associated bandwidth allocation bk that was negotiated at the 
5 time of admission control by bandwidth manager 301. The variable bk is referred to as 
a nominal allocated bandwidth for flow k, since this amount of bandwidth may not be 
achievable under preemption. Note that there is no loss of generality even if some 
flows, such as best effort flows, do not in practice specify any bandwidth 
requirements. One option to handle these flows is to provide them with predetermined 
10 default bandwidth requirements. An alternative is to assign these flows the lowest 
preemption priority. 

A variable Bj is defined to be an aggregate nominal channel bandwidth 
allocation in channel j. Let Fj denote the set of indices of flows that are allocated 
bandwidth on channel j. Then, the following expression for Bj is obtained. 

15 

Bj= Zb k 
keFj 

Further define B T to be an aggregate nominal bandwidth allocated to the 
source station, wherein 

20 B T = £ Bj = £ I b k , 

j=l j=l keFj 

where L is the number of channels in the multi-channel communication system. 

The variable a k , for k = 1 , 2, . . ., N, is defined to be the index of the channel 
over which flow k has a nominal bandwidth allocation. In other words, a k = j for all k 
in the set Fj. 

25 In order to ensure a minimum level of fairness, the preferred embodiment of 

the present invention defines a configurable parameter f, which denotes a fraction of 
B T , wherein f.B T represents the maximum allocated bandwidth that may be used for 
preserving allocated bandwidth for selected flows. The following table outlines the 
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variable utilized by preemption manager 303 in determining preemption priority 
values in accordance with the preferred embodiment of the present invention. 


Notation 

Definition 

C 

Nominal link rate. 

a(j),j = l,2,...,L 

Link quality in channel j; 0< a(j) <1 

bk,k= 1,2, . . .,N 

Nominal allocated bandwidth (queue weights) for flow k. 

p k ,k= 1,2, . . .,N 

Preemption priority for flow k. 

a k ,k= 1,2, . . .,N 

Index of the channel over which flow k has a nominal bandwidth 
allocation. 

Fj,j = l,2,...,L 

Set of indices of flows that are allocated bandwidth on channel j. 

Bj,j = 1,2, . . .,L 

Aggregate nominal channel bandwidth allocation in channel j 

B T 

Aggregate nominal bandwidth allocated to the station. 

f 

Maximum fraction of B T allowed for rate protection; 0 < f < 1 


5 Variable utilized in determining preemption priority values. 


In the preferred embodiment of the present invention preemption manager 
utilizes the following algorithm to determine preemption priority values (pk) for the k 
flows: 

10 Consider a source station with N-l active flows. Suppose that bandwidth 

manager 301 has newly admitted a flow N. Due to admission control, which prevents 
over-subscription of available bandwidth, it is necessary that, for j = 1, 2, . . ., L, 

Bj = X b k < B T = 2 b k < C. 
keFj k=l 
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Note that 



< 1 


and 



= 1. 


5 


Under normal operation, flow k is allocated a share Sk of B T , wherein 



>0. 


1 0 For a flow, with a nominal bandwidth allocation b k , to have its throughput preserved 
as the link rate degrades from C to a(j)C < C, it is necessary that the flow's share of 
B T is upgraded as follows (albeit possibly at the expense of the shares available to 
other flows) 


Preemption manager 303 and bandwidth allocation adaptor 305 maintain a 
timely estimate of the current channel quality factor a(j) to each receiver j (it is 
assumed that different receivers may have different channel characteristics). Each 

20 time a packet is transmitted, the bandwidth estimate is updated based on observable 
channel statistics. In the preferred embodiment of the present invention this is 

determined as described in US Patent Application Serial No. (Docket No. 

CML00505NR), however one or ordinary skill in the art will recognize that channel 
quality may be determined in other manners as well. 

25 In accordance with the preferred embodiment of the present invention, the 

bandwidth allocations (queue weights (bk)) to the various flows are dynamically 
updated by bandwidth allocation adaptor 305 and given as input to a weighted fair 
queuing scheduling algorithm. Although a variety of weighted fair queuing 


15 


s k ' = 


B T o(j) 


> s k . 
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algorithms may be used, in the preferred embodiment of the present invention a Self- 
Clocked Fair Queuing (SCFQ) algorithm is utilized. 

As one of ordinary skill in the art will recognize, an SCFQ scheduler 
maintains a variable (called system virtual time) that is used to track the amount of 
5 service that should be received by the various backlogged flows at a particular time. 
With each flow, is maintained a variable (called finish time) that represents the 
amount of service that has been received by a particular flow. It is used to compute 
the finish time of the head of line packet for a particular flow. The system virtual time 
and the finish times of the various backlogged flows are then, used to establish an 

1 0 ordered list of head of line packets for each flow. 

Whenever a packet is to be de-queued for transmission, the current bandwidth 
estimates are used to update the bandwidth allocations as follows (note that 
bandwidth allocations may be updated at a lower frequency than each packet 
transmission to ensure that the scheduler is relatively stable). First, without loss of 

15 generality, the flows are rearranged by bandwidth allocation adaptor 305 in the order 
of decreasing priority as determined by preemption manager 303 utilizing the 
hierarchical policy based decision tree. Specifically, as each of the N queues has been 
assigned its own preemption priority, the queues can be rearranged such that their 
corresponding preemption priorities, pi through p N , satisfy the following condition: p r 

20 > p s if 1 < r < s < N. 

In one embodiment of the present invention, the preemption priorities 
associated with the N queues are distinct, such that p r > p s if 1 < r < s < N. Following 
the ordered list generated from the hierarchical policy based decision tree, the 
updated bandwidth allocations for the N queues bk\ for k = 1, 2, . . ., N, are calculated 

25 below and with reference to FIG. 6: 


X:= 0; 
Z:= 0 

Fork = 1 toN { 
30 j:=a k 

If(aO') <S)/* channel too bad */ 
b k ':=0 
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else if((X + ^ <f*B T ) and (\^< 7)) 

X:=X+^t 
<*6) 


bk :- bk 

Z:=Zu{k} 

} 

For each unassigned flow k g Z 


b k ': 


- (Br-X)b k 
' E, e z b, 


In each step of the above algorithm, a queue is considered and its updated 

10 bandwidth allocation is determined. As is reflected by the order of indices from k=l 
to k=N, the updated bandwidth allocations of the queues are determined in an order 
from the queue with the highest preemption priority to the queue with the lowest 
preemption priority. A set Z is used to keep track of queues for which updated 
bandwidth allocations have been determined. To track the amount of allocated 

15 bandwidth in each step of the algorithm, a cumulative sum of bandwidth allocations 
(X) is defined by adaptor 305, which is initialized to 0. When a queue is considered, 
the channel in which packets from the queue are pending transmission is identified. If 
the quality of the channel drops below a predetermined level (5), the bandwidth 
allocation to the queue will be updated to zero. Otherwise, the queue will be granted 

20 its full nominal allocated bandwidth, provided that the maximum allocated bandwidth 
that may be used for preserving allocated bandwidth for selected flows has not been 
exceeded and that the allocation does not exceed a predetermined fair share (y) of the 
aggregate nominal bandwidth allocated to the station. When these conditions are no 
longer met, the algorithm divides the remaining unallocated bandwidth (B T - X) 

25 among the remaining queues such that the updated allocated bandwidth of each of the 
remaining queues is a proportional share, with respect to its nominal allocated 
bandwidth, of the remaining unallocated bandwidth. 

FIG. 7 is a more-generalized flow chart showing operation of the scheduler of 
FIG. 3 in accordance with the preferred embodiment of the present invention. The 

30 logic flow begins at step 701 where preemption manager 303 receives QoS 
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information, policy requirements, and channel conditions. As discussed above QoS 
information typically comprises a pre-negotiated quality for transmission for each 
flow based on a corresponding service level agreement, while channel conditions 
comprise a link quality a(j), for each particular channel j. Based on this information, 
5 at step 703 preemption manager 303 determines a preemption value p k for each queue 
k, where p k e {0, 1, 2, . . ., P} and k = 1, 2, . . . , N. 

Continuing, at step 705 the preemption priority vector P and channel quality 
vector <r enter bandwidth allocation adaptor 305, along with a queue weights B. As 
discussed above, the queue weights bk are determined by bandwidth manager 301, as 

1 0 known in the art based on a predetermined bandwidth management algorithm. 

At step 707 bandwidth allocation adaptor 305 modifies the original set of 
queue weights (bk) to produce a modified set of queue weights b' k , for k = 1, 2, . . ., N 
according to the flow discussed above, and with reference to FIG. 6. As discussed 
above, the algorithm that determines the modified queue weights utilizes a logic flow 

1 5 that progressively determines a queue weight for queues, starting with the queue with 
a highest preemption value. Finally, at step 709 the modified queue weights are 
passed to packet scheduler 307. Packet scheduler then utilizes the modified queue 
weights when pulling data from queues 313. More particularly, a weight (b' k ) is 
assigned to each queue 313. Packet scheduler 307 utilizes the modified queue weight 

20 to appropriately order the transmission of data from queues 313 such that each queue 
receives a portion of available bandwidth in accordance with its weight. 

While the invention has been particularly shown and described with reference 
to a particular embodiment, it will be understood by those skilled in the art that 
various changes in form and details may be made therein without departing from the 

25 spirit and scope of the invention. For example, the CHARM scheduler can be 
extended to support per flow (i.e., flow refers to individual flows) bandwidth 
adaptation. In case of per-flow queuing and bandwidth allocations, it is possible that 
that hierarchical policy based decision algorithm may not be able to strictly order the 
flows (for soft preemption) based on policy. In another embodiment of the present 

30 invention, the preemption priorities associated with the N queues are not distinct, 
such that p r > p s if 1 < r < s < N. Specifically, two or more queues (i.e., flows in this 
case) may belong to the same soft pre-emption class. As a result, when dynamic 
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bandwidth adaptation is done, and there is insufficient bandwidth to allow all the 
flows belonging to a particular class to be allocated their full bandwidth allocations, 
some rule is needed to allocate the bandwidth among the flows within the same class. 
One method is to somehow order the flows within a class using some other criteria 
5 e.g. one possibility is to order the flows that belong to the same preemption class 
randomly based on some random number generation technique. Another method is to 
have some alternative pre-configured criteria for breaking the pre-emption tie. 

However, using some arbitrary method for resolving the tie among the flows 
belonging to the same class can result in potential unfairness in the system. As a 

10 result, in an alternate embodiment of the present invention preemption is done on a 
class level, and the classes are determined by a hierarchical policy-based decision 
tree. For this purpose, the bandwidth allocation for a class is taken to be the sum of 
the bandwidth allocations of all the flows belonging to that class. Once the dynamic 
bandwidth allocation algorithm determines the bandwidth allocations for the various 

15 classes, the bandwidth allocation for a particular class is distributed among the flows 
belonging to that class in proportion of their bandwidth allocations. This can be done 
by either computing the individual bandwidth allocations or by modifying the 
scheduler to implement it in two stages as is shown in FIG 4. Here, the CHARM 
algorithm operates at the level of the classes distributing the available bandwidth 

20 among the various flow classes based on the algorithm described in the previous 
section. For each class, there is a fair scheduling algorithm that schedules the 
transmissions from the various flows constituting that class. 


